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(57) ABSTRACT

In a multi-phase power converter using a phase-locked loop
(PLL) arrangement for interleaving of pulse frequency
modulated (PFM) pulses of the respective phases, improved
transient response, improved stability of high bandwidth
output voltage feedback loop, guaranteed stability of the
PLL loop and avoidance of jittering and phase cancellation
issues are achieved by anchoring the bandwidth at the
frequency of peak phase margin. This methodology is appli-
cable to multi-phase power conveners of any number of
phases and any known or foreseeable topology for indi-
vidual phases and is not only applicable to power converters
operating under constant on-time control, but is extendable
to ramp pulse modulation (RPM) control and hysteresis
control. Interleaving of pulses from all phases is simplified
through use of phase managers with a reduced number of
PLLS using hybrid interleaving arrangements that do not
exhibit jittering even when ripple is completely canceled.
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HYBRID INTERLEAVING STRUCTURE
WITH ADAPTIVE PHASE LOCKED LOOP
FOR VARIABLE FREQUENCY
CONTROLLED SWITCHING CONVERTER

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims benefit of priority of U.S. Provi-
sional Application 61/973,590, filed Apr. 1, 2014, which is
hereby incorporated by reference in its entirety.

FIELD OF THE INVENTION

The present invention generally relates to variable fre-
quency controlled switching power converters and, more
particularly, to assuring stability and adequate phase margins
of both low bandwidth phase locked loops (PLLs) and high
bandwidth output voltage feedback loops, particularly in
multi-phase variable frequency controlled power converters.

BACKGROUND OF THE INVENTION

Variable frequency control has been widely used in DC-
DC power converters since variable frequency control pro-
vides not only improved light load efficiency but also fast
transient response and high bandwidth design to reduce
capacitance requirements for filter capacitors; saving cost
and size. The light load efficiency is increased by reducing
switching frequency, f,, . when the load current decreases
and thus reduces switching losses. The transient response is
improved by allowing f,,, to change quickly during a rapid
load current change. The higher control bandwidth on the
output voltage feedback loop is obtained due to eliminating
the aliasing effect of constant frequency control. The three
most common types of variable frequency control are con-
stant on-time (COT), ramp pulse modulation (RPM) control
and hysteresis control.

However, wide variation of switching frequency in
response to variation in input or output voltage change, as is
presented, for example, by state-of-the-art laptop computer
processor designs which use narrow VDC (NVDC) tech-
niques to lower the input voltage range that can be supplied
from serially connected battery cells, is inherent in variable
frequency controlled power converters. For example, in
view of possible scaling of output voltage operating points,
Vo of'a DC-DC converter from 0.5 V to0 2.0 V, the duty cycle,
D=Vo/Vin, for a buck converter, can range from 0.06 to 0.4.
Using COT control, since on-time, T, is fixed, the fre-
quency can vary over a range approaching a decade in
frequency (e.g. from 800 kHz at D=0.06 to 5.3 MHZ at
D=0.4).

However, such a wide frequency range causes excessive
power losses and problems with achieving correct interleav-
ing angle for multi-phase operation. To reduce such power
losses, it is known to provide a frequency regulation loop to
slowly adjust T, to maintain operation in a manner some-
what similar to constant frequency operation. In other
words, when duty cycle is increased or decreased, the
frequency change is reduced by changing the on-time slowly
such that the frequency is held to a more nearly constant
value to compensate for the difference between the required
frequency for COT operation and the frequency at which the
converter actually operates, referred to as pulse frequency
modulation (PFM). For a given duty cycle, the switching
frequency varies inversely with T ,, and thus the switching
frequency can be adjusted by changing T,,.
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For multi-phase operation where a plurality of power
converters are essentially connected in parallel, it is common
practice to interleave the pulses created by the switching
within the respective power converters to equalize time
intervals between pulse frequency modulation (PFM) pulses
from respective converters. Arrangements for such inter-
leaving with a frequency regulation loop generally fall into
one of two types: pulse distribution structures and phase-
locked loop (PLL) structures.

In a pulse distribution structure, the frequency regulation
loop is implemented by V,, and Vo feed forward to the
on-time generator. The interleaving is achieved easily by
distributing the pulses which result from the intersection of
the sum of inductor currents of all phases and the control
voltage, V.. However, transient response is slow because the
phase manager (sometimes referred to as a phase splitter)
arrangement, as will be discussed below, cannot immedi-
ately synchronize PFM pulses of all phases during step-up
load transients. Further, pulse distribution structures exhibit
noise sensitivity due to ripple cancellation between the sum
of the instantaneous currents delivered by the respective
phases, particularly since the power delivery pulses do not
overlap. At operating points where ripple is substantially
canceled, low-level noise can cause duty cycle jittering and
results in higher output voltage ripple. Adding an external
ramp voltage having a slope S, can reduce jittering but the
strong phase delay caused by using the ramp signal reduces
the phase margin of the output voltage feedback loop and
limits bandwidth. For example, FIG. 1A shows the resultant
loop gain of output voltage feedback loop (T,), which
indicates that even a small S, reduces the phase margin to
less than 60° when the bandwidth (e.g. the frequency that
produces zero gain in the transfer function of the loop, also
referred to as the crossover point) is designed close to £, /6.
Also, when the duty cycle changes, the phase delay effect
becomes stronger. Thus, high bandwidth design becomes
more difficult for a wide range of duty cycle, as shown in
FIG. 1B. As a result, poor transient performance and poor
stability margin requires large output capacitance for accept-
able operation of pulse distribution structures. The same
issues are present in COT control, RPM control and hyster-
esis control.

On the other hand, phase locked loop (PLL) structures
have the advantages of exhibiting faster transient response,
less noise sensitivity and higher bandwidth of the output
voltage feedback loop. In PLL structures, a PLL is provided
as a frequency regulation loop in each phase and is arranged
to adjust T, to track a fixed frequency clock signal. Inter-
leaving is achieved by shifting the phase of the fixed
frequency clock applied (and to which respective PLLs of
each phase are synchronized/locked) by an angle determined
by the number of phases employed. The modulation is
determined by the intersection of individual (rather than
total, as in pulse distribution structures) phase current and
control voltage, V_, such that the V_ increment during a large
step-up load transient causes early intersection with the
current feedback signals of each phase to be closely spaced
in time; forcing the PFM pulses to immediately begin to
overlap during large load transients. Further, PLL structures
do not exhibit a ripple cancellation effect, do not require an
external ramp signal for reliable operation and are less
sensitive to noise than pulse distribution structures. Without
the requirement for an external ramp signal, it is possible to
maintain sufficient phase margin for stability in a high
bandwidth design of the output voltage feedback loop as
shown in FIG. 1C. PLL structures are known for use with
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COT control and hysteresis control. However, no applica-
tions of PLL structures are known or found in the literature
for RPM control.

However, two drawbacks limit the adoption of PLL
structures. Compensation of the PLL loop to be stable is
difficult as will be discussed in greater detail below. Also,
each phase requires a PLL and a high speed current loop
comparator which lead to much increased complexity and
cost as the number of phases is increased. Additionally, a
PLL that alters on-time in order to track the frequency of a
fixed frequency clock is, itself, of substantial complexity as
will be discussed in greater detail below.

SUMMARY OF THE INVENTION

It is therefore an object of the present invention to provide
an adaptive phase locked loop (PLL) that is made uncondi-
tionally stable through anchoring the control bandwidth of
the frequency regulation loop at peak phase margin for
particular input or output voltages or different switching
frequency settings.

It is another object of the invention to provide a hybrid
PLL and pulse distribution structure for multi-phase variable
frequency control operation which provides faster transient
response, is less noise sensitive and maintains sufficient
phase margins for high control bandwidth design of the
output voltage feedback loop.

In order to accomplish these and other objects of the
invention, a multi-phase power converter is provided includ-
ing two single phase power converters connected in parallel
between a source of input power and an output, wherein
each of the single phase power converters includes a switch
connected in series with an inductor between the source of
input power and the output, a first comparator for comparing
a voltage at the output with a reference voltage and provid-
ing a control voltage, a second comparator for comparing a
signal representing ripple of voltage or current at the output
and the control voltage, and an on-time generator responsive
to an output of the second comparator to determine a duty
cycle at which the switch is conductive, wherein the on-time
generator includes a ramp signal generator for generating a
ramp voltage waveform having a slope, wherein the multi-
phase power converter further includes an adaptive phase-
locked loop (PLL) arrangement including a phase-frequency
detector wherein the adaptive phase-locked loop arrange-
ment maintains substantially constant bandwidth over
changes in the duty cycle and provides interleaving of
on-time periods and pulse frequency modulated signal out-
puts of the two single phase power converter.

In accordance with another aspect of the invention, a
method of stabilizing a phase-locked loop (PLL) controlled
multi-phase power converter, the method comprising steps
of

developing a small signal model of a transfer function
between an on-time generator of the multi-phase power
converter and a signal having pulses of constant amplitude
and a frequency representing a phase difference between an
output of the on-time generator and a reference clock of the
PLL, the transfer function having a pole to capture the phase
difference a zero to boost phase margin at a frequency and
a further pole to filter the pulses, and causing operation of at
least one portion of the multi-phase power converter to
operate in a manner to cancel V,,, Vo and f_,? terms in the
small signal model.

ind

BRIEF DESCRIPTION OF THE DRAWINGS

The foregoing and other objects, aspects and advantages
will be better understood from the following detailed
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description of a preferred embodiment of the invention with
reference to the drawings, in which:

FIGS. 1A and 1B illustrate effects of external ramp signal
slope and duty cycle using constant on-time (COT) control
in pulse distribution structures,

FIG. 1C illustrates phase margin of COT control using
phase locked loop (PLL) structures,

FIG. 2A is a simplified schematic diagram of a two-phase
pulse distribution structure,

FIG. 2B is a graphic representation of the transient
response of the pulse distribution structure of FIG. 1,

FIGS. 3A and 3B illustrate the magnitude ratio of i,,, to
i;; and i, in four-phase operation, respectively, which are
useful for understanding ripple cancellation effect,

FIGS. 4A and 4B respectively illustrate simulated closed
loop output impedance (Z,.) with an external ramp and
waveforms when using an external ramp voltage with large
slope to solve the ripple cancellation effect of i,,,,,

FIG. 5 is a simplified schematic diagram of a two-phase
converter using PLLs,

FIG. 6 graphically illustrate transient response of the
converter of FIG. 5,

FIG. 7 is a simplified schematic diagram of a first known
PLL implementation,

FIG. 8 illustrates operational waveforms of the PLL
implementation of FIG. 7,

FIG. 9 is a simplified schematic diagram of a second
known PLL implementation,

FIG. 10 illustrates operational waveforms of the PLL
implementation of FIG. 9,

FIG. 11 graphically illustrates T, bandwidth (BW) effects
of PLL stability,

FIG. 12 graphically illustrates T, bandwidth (BW) effects
on impedance (Z,,),

FIG. 13 graphically illustrates effects of low T, bandwidth
(BW) on speed of switching frequency change,

FIGS. 14A, 143 and 14C respectively illustrate low pass
filter (LPF) design, BW variation over duty cycle change
and BW variation over clock frequency change,

FIGS. 15A and 15B graphically illustrate anchoring of the
adaptive PLL loop in accordance with the invention with
auto-tuned loop bandwidth,

FIG. 16 is a schematic diagram of an exemplary first
implementation of an adaptive PLL for constant on-time
(COT) control in accordance with the invention,

FIG. 17 graphically illustrates the principle of the piece-
wise linear ramp in the on-time generator of FIG. 16

FIG. 18 is a schematic diagram of an exemplary second
implementation of an adaptive PLL for constant on-time
(COT) control in accordance with the invention,

FIG. 19 is a schematic diagram of an exemplary third
implementation of an adaptive PLL for constant on-time
(COT) control in accordance with the invention, and

FIG. 20 is a schematic diagram of an exemplary fourth
implementation of an adaptive PLL for constant on-time
(COT) control in accordance with the invention,

FIGS. 21A and 21B graphically illustrate an experimen-
tally determined step-wise linear ramp and gain bandwidth
over a wide duty cycle range of the first embodiment of the
invention, respectively,

FIGS. 22A and 22B graphically illustrate an experimen-
tally determined gain bandwidth and transient response of
the PLL of the second embodiment of the invention, respec-
tively,

FIGS. 23A and 23B present a comparison of simulation
and experiment for verification of the stability modeling in
accordance with the invention,
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FIGS. 24A and 24B schematically illustrate two exem-
plary PLL implementations for RPM control,

FIG. 25 is a schematic illustration of an example of the
fourth adaptive PLL implementation extended to RPM con-
trol,

FIG. 26 schematically depicts four-phase hybrid inter-
leaving,

FIG. 27 schematically depicts a simplified arrangement
for four-phase hybrid interleaving,

FIG. 28 schematically illustrates eight-phase hybrid inter-
leaving,

FIG. 29 schematically illustrates a simplified arrangement
for eight-phase hybrid interleaving,

FIG. 30 illustrates waveforms of the transient response of
hybrid interleaving,

FIGS. 31A and 31B illustrate Z,,. over a range of frequen-
cies and voltage at a step-up load transient for the adaptive
PLL methodology of the invention,

FIGS. 32A, 32B and 32C illustrate results of a simulation
of T,, Z,. and a step-up load transient,

FIG. 33 illustrates pulse overlapping in a four-phase
simulation of the invention,

FIG. 34 illustrates four-phase steady state operation of an
experimental result of the invention at a duty cycle of 0.25,

FIG. 35 illustrates duty cycle overlapping during a load
transient in an experimental result of the invention,

FIG. 36 illustrates application of simplified hybrid inter-
leaving to ramp pulse modulation (RPM) control,

FIG. 37 illustrates application of simplified hybrid inter-
leaving to hysteresis control, and

FIG. 38 is a schematic diagram of four-phase RPM
control with simplified hybrid interleaving.

DETAILED DESCRIPTION OF A PREFERRED
EMBODIMENT OF THE INVENTION

Referring now to the drawings, and more particularly to
FIG. 2A, there is shown a simplified schematic diagram of
a two-phase pulse distribution structure, alluded to above.
Since this diagram is both simplified and generalized as well
as being arranged to facilitate an understanding of a problem
addressed by the invention, no portion of FIG. 2A is admit-
ted to be prior art in regard to the present invention. In
particular, the element labeled “Phase Manager” 24 is essen-
tially a commutator for distributing sequential pulses to
different outputs as will be described in connection with
FIG. 2B and results in the problems discussed below in
connection with FIGS. 3 and 4 and is thus often imple-
mented in logic for which many logic circuit designs will be
apparent to those skilled in the art while other phase man-
agers having a more complex function as will be described
below are considered to be part of the invention. Phase
manager 24 is, therefore, depicted as a fully generalized
single element. Therefore, FIGS. 2A-4 have been labeled as
“Related Art”.

As will be immediately recognized by those skilled in the
art, the two-phase pulse distribution structure 10 illustrated
in FIG. 2A includes two buck converters connected in
parallel between a source of input power at voltage V,,, and
an output capacitor comprising capacitance C, and an inter-
nal and inherent series resistance R, that provides an output
voltage Vo to load R;. While buck converters are illustrated
for simplicity and familiarity, any other converter topology
can be used or provided to develop particular behaviors and
properties in multi-phase power converters.

In a buck converter, closing of the so-called top switch
connected to the input power causes the current through the
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inductor to increase linearly. Conversely, when the top
switch is opened and the so-called bottom switch is closed
to deliver freewheel current to the inductor, the current
through the inductor decreases linearly. Thus, when the load
increases, Vc is increased because C, deviates away from
V,.rduring a step-up load transient. The abrupt V. increment
causes the frequency of the power pulses corresponding to
D,,,., to increase abruptly. However, since the power pulses
are distributed serially in pulse distribution structures, they
cannot overlap; limiting the rate of increase of current
delivered.

An output voltage feedback loop provides regulation in
which the output voltage Vo is sensed and compared with a
reference voltage V, . at comparator/error amplifier 18 to
determine when additional input power is required to be
delivered through an inductor to the output filter and load to
bring the output voltage to the desired value when the output
voltage is drawn down by the load, as illustrated in FIG. 2B
depicting a response to a load transient.

Specifically, it should be initially noted that during each
PFM pulse, i,,, the (sum of) inductor current increases
linearly and, following the termination of a PFM pulse,
decreases linearly, referred to as a freewheel current deliv-
ered by a switch connected to the current return path and
operated in a complementary fashion to the switch con-
nected to the power source. The i, signal is multiplied by
a transfer function, R;, 16 and compared with a control
voltage, V_ (or the sum of V_ and an external ramp signal
having a slope, S,, delivered from adder 20 as will be
discussed below) at comparator 22 to determine the times/
intervals, D,,.,, (the symbol, D, indicating “duty cycle”)
when a PFM pulse should be delivered from the input power
source to maintain voltage regulation when the signal
i, R, equals the control voltage, V... The D, pulses are
then distributed between or among the converter phases as
pulse trains D, and D,.

When the load is relatively light, the D,,,,, pulses will be
of relatively low frequency as illustrated at the left side of
FIG. 2B. The pulses of preferably constant duration (deter-
mined by feedforward of the preferably constant input
voltage V,,, with a reference voltage, V,, ) are generated in
response to the distribution of the D_,,,, pulses (which need
not be the same duration—only the leading edge is sensed in
the exemplary converter arrangement of FIG. 2A) and are
generated alternately. When a transient due to an increased
current draw by load, R;, occurs, Vo is pulled down slightly
and the output of comparator 18, V_, (depicted by the dotted
line in the uppermost waveforms of FIG. 2B) rises and the
duration of freewheel current (before i, *R, diminishes to
equal V) becomes very short, increasing frequency of D, ,,,,.
Nevertheless, phase manager 20 does not allow pulses D,
and D, to overlap and the return of Vo to the desired value,
V,.r1s slow. As Vo stabilizes at the increased load current,
the freewheel current duration increases and the frequency
of D,,,,, diminishes, but to a frequency substantially greater
the frequency corresponding to a light load, as shown in
FIG. 2B.

Since the PFM pulses are interleaved, the inductor current
ripple of each phase is also interleaved at an appropriate
angle at steady-state. The inductor currents of all phases are
summed together and flow to the output capacitor and the
load. The ripple magnitude of the total inductor current is
therefore smaller than the ripple currents of the individual
phases depending on the duty cycle because the interleaving
cancels a portion or the entirety of the ripple of the indi-
vidual phases. In FIG. 2A, sensed current magnitudes of
both/all phases are summed at adder 14 to provide a signal
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corresponding to total delivered current, i,,. When the
number of commutated phases is increased, the ripple ampli-
tude of the i, signal can become very small, as compared
in FIG. 3B between a single phase operating at a duty cycle
of D=0.1 and a four-phase converter even operating at a
larger duty cycle of D=0.24 and, in some cases, may be
completely canceled. For example, if a four-phase converter
were operating with each phase operating as D=0.25, one
phase would connect V,, to V_ through a respective inductor
in each phase at any given time and ripple occurring through
any given phase (e.g. the ratio i, /i, which represents the
ratio of ripple magnitude between the summed current and
the ripple current of a given phase) would be canceled by
another phase. That is, for certain values of duty cycle, D,
when current from any given phase or plurality of phases
falls, the current in another phase rises, canceling the ripple
on which comparator 18 operates to provide regulation.
Because of the interleaving of multi-phase operation, the
magnitude of the ripple in the summation of inductor
currents becomes smaller than the ripple in individual induc-
tor currents and the ripple can cancel altogether for particu-
lar duty cycles and number of phases.

The relative degree of ripple cancellation over a range of
duty cycle for two-phase, four-phase, six-phase and eight-
phase converters is illustrated in FIG. 3A. Because of the
interleaving of pulses in multi-phase converters, the mag-
nitude of the ripple component of the summed currents from
all phases becomes weaker with increasing duty cycle and
number of phases. For example, consider a two-phase con-
verter operating at D=0.4 where each phase is delivering 10
A DC current with a 5 A triangular current ripple. The sum
of these currents is 20 A DC current but the ripple current is
not 10 A (5 A+5 A) because the ripple resulting from the
on-time generators are not in phase but 180° degrees out of
phase and a portion of the diminishing freewheel current
waveform of one phase will overlap with a portion of the
increasing current waveform of the other phase. In this case,
from FIG. 3A it can be determined that at D=0.4 for a
two-phase converter, the ripple cancellation ratio between
iy, and i; is 0.2 and the ripple in i, is 1 A (0.2%5 A).

When ripple cancellation occurs or near ripple cancella-
tion points, as illustrated in FIG. 3A, the converter becomes
very sensitive to noise since the current feedback signal,
ig,ms multiplied by a current feedback gain, R, can be easily
overwhelmed by small voltage variations such as noise and
cause duty cycle jittering (e.g. causing extra or omitted D, ,
pulses or phase/timing error). However, since the periods
during which ripple cancellation can occur depend on the
duty cycle and the ratio of total current, i, to current from
a given converter (e.g. I;,) and the number of phases, as
illustrated in FIG. 3A, duty cycle jitter can be largely
avoided by addition of a ramp signal S, at adder 20 which
is then compared with a signal corresponding to the sum of
currents from all phases (e.g. i, multiplied by Ri, 16) at
comparator 22 to provide a signal having the required total
duty cycle D, in the form of pulses at the required
frequency. These pulses are then distributed to the respective
phases by phase manager or phase splitter 24 functioning
essentially as a commutator to divide D, pulses into pulse
trains D, and D, as illustrated in FI1G. 23. However, addition
of such a ramp signal as illustrated in FIG. 4B causes
impedance peaking as shown in FIG. 4A and transient
response overshoot because the ramp signal can easily
overwhelm the current ripple near the ripple cancellation
point.

That is, since pulse distribution structures require an
external ramp signal, S,, the phase margin for stability is
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compromised. When the phase margin becomes less than
60°, the impedance peaking shown in FIG. 4A occurs. The
strength of such peaking depends on the relationship
between the slope magnitude of Se and S, the slope of the
falling portion of the waveform of i,,,, because a larger
slope of S, causes a lower phase margin in the loop gain of
the output voltage feedback loop (T,), as shown in FIG. 1A.
Based on the control theorem, when the T, phase margin is
less than 60°, peaking of the closed loop output impedance,
7, occurs. Lower phase margin results in more severe
peaking.

When S, is much smaller than S, the ramp does not
overwhelm the current ripple even when the current ripple is
relatively small and the delay effect is not significant. When
S, is comparable to or greater than S, the delay effect
dominates the pulse generation because the ramp becomes
equal to or larger than the ripple component ofi,,,,. In other
words, the S, design is a trade-off between stability and
noise sensitivity.

As alluded to above, in the pulse distribution structure 10
illustrated, compensation for variation in input voltage is
performed by using pulses from pulse manager 24 to trigger
pulse frequency modulated (PFM) pulses where the pulse
width is based on sensing the input voltage in comparison
with the reference voltage to drive the so-called top switch
of a respective buck converter to deliver a PFM pulse
through the inductor to the output filter and load. The slow
transient response to increased load current can be readily
understood from the i,,,°R, and Ve (e.g. control voltage)
waveforms of FIG. 2B. Vc is a voltage that corresponds to
the difference between Vo and the reference voltage as
discussed above and controls the frequency of the PFM
pulses, D, and D,, delivered to the filter and load.

To overcome the above limitations of a pulse distribution
structure, a phase locked loop (PLL) structure such as that
schematically depicted in FIG. 5 is often used. Since FIG. 5
is also generalized and arranged to facilitate conveying an
understanding and appreciation of the invention and FIGS.
6 and 11-13 illustrate behaviors of this arrangement and
FIGS. 7-10 illustrate two generalized implementations of the
phase locked loop structure of FIG. 5, no portion of any of
FIGS. 5-13 is admitted to be prior art in regard to the present
invention. Thus, FIGS. 5-13 are also labeled “Related Art”.

In the two-phase structure illustrated in FIG. 5, a PLL and
a fixed frequency clock is provided for each phase. It will
also be noted from a comparison with the pulse distribution
arrangement of FIG. 1, that a separate current sensor and
control voltage V_, comparator is provided for each phase
such that PFM pulses are enabled independently for each
phase. Interleaving of PFM pulses is achieved by synchro-
nizing the PFM pulse generators with the respective phase
locked loops, PLL, which are respectively synchronized to
fixed frequency clock signals, f_;;, /.5, which are separated
in phase by 180° for two phases, as illustrated, or, more
generally, 360°/N where N is the number of phases of the
converter. Thus, the PFM pulses from the respective phases
will be interleaved alternately or in sequence and equally
spaced in time for constant load and the PFM pulses from
respective phases may overlap if required by the magnitude
of'the load current or to respond to a load transient, as shown
in FIG. 6.

However, use of PLLs that are synchronized to fixed
frequency clocks also implies that the PFM pulses will occur
at the same fixed frequency or multiples thereof. As alluded
to above, constant on-time (COT) operation with PFM
pulses initiated by the output voltage falling below the
reference voltage requires the PFM pulse frequency to vary
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to provide voltage regulation and match the inductor current
to the current provided to the load. To resolve these con-
flicting requirements while retaining the advantages of COT
control, the response of the frequency regulation loop
formed by the PLL and the on-time generator must be
designed to be much slower than the response of the output
voltage feedback loop. That is, the bandwidth of T, must be
designed much lower than the bandwidth of T, as will now
be described in connection with the improved transient
response of the arrangement of FIG. 5.

Referring now to FIG. 6, it is seen that for a constant light
load, PFM pulses, D, and D, are initiated simultaneously
with f,, and f ., signals, respectively, and have a fixed
duration which can be arbitrarily set as will be discussed
below and will, at constant load and steady state operation,
coincide with the times that the i, *R, and i,, *R, signals
match the V_ control signal developed from a comparison of
Vo and V,,, as discussed above. That is, the frequency
regulation loop will have adjusted the on-time of the PFM
pulse to achieve coincidence of the leading edge of the PFM
pulses and the fixed frequency clocks as will be discussed in
detail below. When an increased load transient occurs, Vo
will be pulled below V, -and V_ will rapidly increase and
cause PFM pulses to be generated more frequently in each
phase such that the PFM pulses in each phase can overlap
naturally and increase the speed of the transient response, as
alluded to above. During this period, the respective PLLs
lose tracking with the PFM pulses but the PFM pulses are
still significantly offset from each other due to the previous
phase angle separation. When V_ reaches a near-constant
maximum, the PFM pulse frequency assumes a more nearly
constant but increased value and some offset in phase will
remain, as is evident from the waveforms at the right side of
FIG. 6. It is important to appreciate that the higher frequency
of the PFM pulses also inherently causes them to occur
earlier than the respective fixed frequency clock pulses. The
frequency regulation loop using a PLL in each phase is then
used to adjust the on-time of the respective phases to reduce
the PFM pulse frequency such that the respective PLLs can
again achieve locking with the PFM pulse frequency and
operation in an essentially COT manner may be resumed.

As mentioned above, two general types of PLL imple-
mentations in connection with on time pulse generators to
achieve adaptive on time are known (but not admitted to be
prior art) and are depicted in FIGS. 7 and 9, respectively.
FIGS. 8 and 10 respectively illustrate waveforms to explain
the operation of these types of PLL implementation. Both
implementations employ a phase-frequency detector (PFD)
to compare the relative phase (e.g. time of leading edge) of
two pulse trains to determine the frequency difference of the
pulse trains, as is well-understood in the art. PFD circuits
basically provide a current pulse train in which the pulses
have a fixed magnitude I ; and a width which corresponds to
the phase difference by which a pulse of one frequency lags
behind a pulse of another frequency. Such a function can be
achieved with a simple logic circuit that uses, for example,
a leading edge of a pulse of one frequency to define the
leading edge of a current pulse and a leading edge of a pulse
of another frequency to define the trailing edge of the current
pulse. The current pulse train thus generated can then be
passed through a low pass filter (LPF) to smooth the pulse
signal, ipzp, t0 an incremental change in the V_, control
signal.

In the implementation illustrated in FIG. 7, the V_,, signal
is compared with a fixed slope ramp signal generated by a
series connection of a current source I, and a capacitor C,.
The capacitor C, is discharged and the ramp reset to zero
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volts during the off-time of the on time generator output.
Thus, as shown in FIG. 8, since the leading edges of
on-time/PFM pulses D is advanced relative to the fixed
frequency clock of a respective phase, low pass filtering of
i,z Causes an increase in V_, and causes the on time of the
PFM pulses to be increased over a plurality of pulses. The
lengthening of the PFM pulses causes a reduction in the
frequency of the PFM pulses controlled by feedback loop T,
until PLL locking is achieved and i, pulse width becomes
Zero.

The implementation type illustrated in FIG. 9 operates in
a somewhat similar manner but with a first difference that
the V_,, signal controls a current source (separately depicted
as g,,,. since it is preferably implemented as a current mirror
or transconductance amplifier) that alters the charging rate
of C, and the ramp slope S,. The second difference is that the
polarity of the PFD output is opposite to that of FIG. 7 since
the on-time control is at the other side of the comparator to
cause lengthening of the PFM pulses and consequent reduc-
tion in their frequency until phase lock and synchronization
of PFM pulse frequency with the clock frequency is again
achieved.

In this regard, the speed or rate of V_, change depends on
the bandwidth (BW) of the PLL loop gain (T). The band-
width design of the frequency regulation loop T,BW can
affect loop stability and system performance and thus com-
plicates loop design. The simulated waveforms of FIG. 11
show that an unstable oscillatory response can occur for
either very high (e.g. 90 KHz) or very low (e.g. 500 Hz)
values of T,BW. Additionally, T,BW design has a large
impact on system performance since output impedance
exhibits peaking as shown in FIG. 12 when T,BW is close
to the BW of the output voltage feedback look T,BW (e.g.
at 120 KHz) because of the conflict between the two loops.
Moreover, additional power losses are caused by low T,BW
when frequent changes occur in V,,when the settling time
is extended because the switching frequency f_, is higher
than the fixed clock rate until PLL locking is achieved with
longer PFM pulses, as shown in FIG. 13. No design guide-
lines for achieving loop stability are known to have been
published in the literature in regard to either of the types of
PLL and the frequency regulation loop arrangements
described above and the following modeling and analysis for
each of the respective types of PLL implementation
described above are considered to be included within the
scope of the invention. For either type of implementation,
the inventors have discovered that a PLL structure capable
of automatically tuning the control bandwidth of the control
loop T, under conditions of wide variation of V,,,, Vo and {,;,
based on the small signal model of the PLL loop. That is, the
adaptive PLL of the invention is to improve performance of
the T, loop gain formed by the PLL and on-time generator.
The bandwidth or crossover point of the T, loop can be
anchored at the highest phase margin to make the PLL slow
and stable. The hybrid interleaving not only simplifies the
circuit implementation that achieves interleaving using an
adaptive PLL in applications with higher numbers of phases
but also improves performance of the T, loop gain which is
formed by the output voltage regulation feedback loop. The
bandwidth of the T, loop can thus be designed at higher
frequency with sufficient phase margin to achieve rapid
response in a stable manner.

Specifically, a simplified model of'the V_,, t0 ipx, transfer
function can be derived simply by describing its function as
follows:
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pep(s)  la Vinferk 1 (&

Von(s)

The LPF function can be derived by providing one original
pole (1/s) at zero Hz to recover the phase error from iz,
one zero (w,) to boost phase margin (PM) and one pole (w,)
to filter the pulsating ipzp, as follows

A(s/wz+1)
?(s/wp+1)

LPF(s) = @

The gain, T, is the product of these two expressions (1) and
(2) and is given by:

Iy ) Vinfgu( Als/wz +1) 3

S, V, s2s/wp+1)

ipFp(s)

Von($)

Tp(s) = — LPF(s) =

The Bode plot of T, given by expression (3) is shown in FIG.
14A and shows that the phase characteristic starts at —180°
because of the two poles and, with increasing frequency, the
phase margin becomes greater than 45° (e.g. —135°) when
o>, and then falls below 45° again when w>w,,. Thus,
there is only a narrow frequency range where sufficient
phase margin (greater than 45°) for stable operation; indi-
cating a requirement for careful design of T,BW since
insufficient phase margin causes the oscillatory response
shown in FIG. 11, as discussed above.

This small signal model provided in expressions (1)-(3)
also indicates that T,BW can vary with V,,,, Vo and/or 1.
For example, when the duty cycle (which is equal to the ratio
of V,,/Vo), D=0.06, the BW crosses over 0 db at the T,BW
of 10 kHz with highest phase margin, PM, but at D=0.4, the
BW is shifted out of the stability region and the phase
margin, PM, is less than 45°, as shown in FIG. 14B.
Conversely, to explain the effect of changes in f_, (since
converters may be designed for lower clock frequency to
increase efficiency, other converters may be designed for
higher frequency operation to increase power density) as
shown in FIG. 14C, when T,BW for the case of f_,=300
kHz is designed at 10 kHz corresponding to peak phase
margin, the T,BW for the case of f_;,,=1 MHz is shifted out
of the stability zone. Further, as alluded to above, the T, BW
at 60 kHz is pushed too close to the BW of loop T, at 120
kHz and causes high impedance peaking as shown in FIG.
12. Currently, no design strategy is known for determining
an optimum or even a practical limit for BW that can
unconditionally avoid instability. In summary, changes in
V,,» Vo and {_,, are parameter changes that may be dictated
by design considerations and the PLL is very sensitive to
such parameter variations and cause issues of instability.
Therefore, it can be easily seen that BW variation of the PLL
of FIGS. 7 and 9 make LPF compensation very difficult.

In order to overcome such difficulties and problems, the
invention provides an adaptive PLL to maintain a constant
bandwidth over wide variations of V,,, Vo and ;. so that the
BW can automatically be anchored at the location of the
peak phase margin. Accordingly, sufficient phase margin is
guaranteed in order to provide unconditional stability of
operation and good efficiency. Additionally, PLL compen-
sation becomes very simple.

Specifically, in accordance with the small signal model of
expression (3), above, three variables, PFD pulse amplitude
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(I5), gain of LPF (A) and the slope of the ramp generator
(S,) in the on time generator in the implementation of FIG.
7 can be used to cancel V,,, Vo and f_,, terms in expression
(3). Numerous suitable implementations for achieving such
cancellations will be evident to those skilled in the art from
the following two exemplary implementations.

In the first exemplary implementation, schematically
illustrated in FIG. 16, a piecewise linear ramp of slope S, is
used to cancel the ratio of V,, and Vo and an adjustable
amplitude 1, of the pulsating current i,, is used to cancel
the {2 term. Since D=V, /Vo for a buck converter, the slope
S, can be designed to be inversely proportional to D. This
alteration of ramp slope can be achieved, for example, by a
switched current mirror bank (I,,, I,,, I, . . . ) with delays
(e.g. developed by a tapped delay line) between shunting
current to ground to charge C, at different respective rates
corresponding to the inverse of changes in duty cycle D or
on time duration of the PFM pulse. That is, when the PFM
pulse signal pulls high, total charging current and ramp (V,)
slope reduces gradually as shown in FIG. 17. The piecewise
linear ramp function/curve is curve-fitted in accordance with

!t ferk “)
Vs, () =K,y Tdf = K ferxIn(n)
m )
Lo|l - N;S;
S,=L =
c, C,

to meet S,=K,/D. Such curve-fitting can be accomplished by
designing the transfer ratio (N,) and the number (m) of the
current mirrors sequentially connected during period D
through application of delays 160 and the sequence S, in
which they are switched on. The slope is reduced as the
number of connected current mirrors increases. The total
number of current mirrors provided determines the resolu-
tion of the curve fitting for the piecewise linear ramp 170.
Further, as illustrated in FIG. 16, the PFD preferably pro-
vides paired current sources providing current of magnitude
1, but opposite polarity. The current magnitude, 1 is pref-
erably controlled by a bias voltage through a current mirror
with gain of K,. The polarity is preferably controlled by a
logic circuit based on the frequency and phase difference
between f_,, and the PFM signal. In order to cancel the {2
term, the current magnitude of the two sources can be
designed to be inversely proportional thereto by alteration of
K, which can be programmed by a digital decoder based on
the selection of f ;.. For example, if K,=1 at f_;, at 300 KHz,
it would be programmed to reduce to % at f_,=900 KHz (15>
at 3x300 KHz).

In the second exemplary implementation illustrated in
FIG. 18, the ratio of an adjustable I, and a linear ramp of
slope S, is used to cancel the ratio of V,,, and Vo while K,
of the PFD current charge pump is used to cancel the f_;,*
term. Specifically, S, is generated by an R,C, network
connected to V,, to make S, proportional to V,, or an
adjustable current source I, providing current proportional to
V,,. In this case, the bias voltage of the paired current
sources in the PFD are preferably connected to the reference
voltage such that I, is proportional to Vo. To cancel the f ;2
term, K, is preferably programmed by a digital decoder
based on the f_;, selection in the manner described above for
the first adaptive PLL and frequency regulation loop
arrangement illustrated in FIG. 7.
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The analysis and design methodology for the second
adaptive PLL and frequency regulation loop arrangement
illustrated in FIG. 9 is somewhat similar to that discussed
above in connection with FIG. 7. Two further exemplary
implementations (referred to as third and fourth implemen-
tations) will again be provided from which other implemen-
tations will be apparent to those skilled in the art. The
simplified model of the V_ -to-i,z, transfer function is
again derived based on a description of the required function
as;

©

iprp(s)  laVingmr Vin ik 1

Vorls) ~ S2C, TV, s

Compared with expression (1), above, the only significant
difference is a different gain factor. The issue of BW
variation caused by variations in V,,,, Vo and £, is precisely
the same.

The proposed model in expression (6) shows that there are
five variables that can be used to cancel V,,, Vo and f
terms: i, pulse amplitude, I ; the threshold value of the S,
peak value, V,,; transconductance amplifier gain, g,,.; the
slope of the ramp in the on time generator, S,; and the gain
of'the LPF, A. In the third implementation, illustrated in FIG.
19, the ratio of ¥V, and S, ? is used to cancel the ratio of
V,, and Vo in expression (6) while an adjustable pulsating
current of amplitude I, is used to cancel the ;> term. In the
converter schematically illustrated in FIG. 19, S, is gener-
ated by an R,C, network connected to V,,, such that the slope
is proportional to the input voltage. S, could also be gener-
ated by an adjustable current source I, having a magnitude
proportional to V,,.. The bias voltage of the paired current
sources, +], and -1, in the PFD is connected to V,,, through
a variable gain amplifier such that 1, is also proportional to
V,,. The V,, comparator input of FIG. 9 is connected to the
reference output voltage V, -to complete cancellation of the
V,,/Vo ratio. The f_,? term in expression (6) is canceled by
altering gain K, as programmed in, for example, a digital
decoder based on £, selection of the controller design.

In the fourth implementation, illustrated in FIG. 20, the
ratio of I,*V,, and S, is used to cancel the ratio of V,, and
Vo in expression (6), as in the third implementation, while
a variable gain transconductance amplifier of g,,.. is used to
cancel the £, term in expression (6). The methods to adjust
S,, I, and V,, terms are the same as in the third implemen-
tation described above but, to cancel the £, term g, is
altered by programming of a digital decoder based on F_,
selection of the controller design.

The efficacy of the above-described first and second
implementations to automatically anchor the BW at the
point of maximum phase margin to unconditionally avoid
instability and quickly settle to locked synchronization with
the fixed frequency clocks has been verified either experi-
mentally or by simulation. The first adaptive PLL imple-
mentation was verified by experiment with the results shown
in FIGS. 21 A and 21B. FIG. 21A shows that the piecewise
linear ramp exhibits different slope for long and short duty
cycle operation and that T, loop gain change can be cor-
rected or compensated. FIG. 21B show that the BW is
automatically anchored at 9 KHz with a peak phase margin
for stability of 60° over a wide duty cycle (D) range. Results
of simulation of the second implementation is shown in
FIGS. 22A and 22B. FIG. 22A shows that T,BW remains
substantially constant over a wide duty cycle range
(V,,=5.2-8.4 volts, Vo=0.5-2.0 volts), indicating that it is
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possible to push T, to a higher value for faster PLL response.
When fast output scaling (0.5 to 2.0 volts with a slew rate of
50 mV/uS) causes abrupt £, changes and loss of PLL lock,
FIG. 22B demonstrates that the PLL design can settle to
steady state very quickly. FIGS. 23A and 23B demonstrate
that the above small signal model on which the above
analysis and automatic anchoring of the BW at the point of
maximum phase margin is valid since the simulation and
experimental results match extremely well. Therefore, the
small signal model is considered to be valid for the third and
fourth implementations described above and, moreover, can
be used as a guide to develop other PLL designs.

The PLL loop designs in accordance with the invention
can be applied to ramp pulse modulation (RPM) control
alluded to above because the operational principle of RPM
control is similar to COT control. The major difference is
that RPM control injects an additional V., signal the
voltage difference between V_ and the inductor current
feedback, i, *R,, into the on time generator. By doing so, the
V conr change superimposed on the V_ change during a
step-up load transient can extend T, immediately to provide
transient response that is even faster than COT control. No
PLL implementation is currently known to exist in the
relevant literature. Based on COT control with a frequency
regulation loop as shown in FIG. 7 or 9, respectively,
extensions of an adaptive PLL to RPM control are illustrated
in FIGS. 24A and 24B. An extension of the adaptive PLL to
RPM control for the fourth implementation described above
is illustrated in FIG. 25.

More specifically, two simplified loop models are given
by

pep(s) o Vi Forx 1 )
Vonls) S 4S) Vo s
pep(s)  LaVingmr Vi Feix 1 ®)
Von(s) Sp+S)C, Vo s

for the two PLL implementations of RPM control, respec-
tively. By comparing equation (7) with equation (1) or
equation (8) with equation (6), it is seen that the only
difference in the loop models the rising slope, S,=(V,,-Vo)
R,/L,, of the inductor current is added to the ramp slope S,.
When S, is designed to be larger than S, equations (7) and
(8) can be approximated by equations (1) and (6), respec-
tively, and the adaptive PLL implementation for RPM
control may be approximated by the PLL implementation for
COT control. Thus, for example the fourth adaptive PLL
implementation as extended to RPM control as illustrated in
FIG. 25 is the same as the adaptive PLL implementation for
COT control illustrated in FIG. 20. Similarly, the other three
adaptive PLL implementations discussed above can also be
extended to RPM control in the same manner as for COT
control.

While a valid technique for automatically anchoring BW
to avoid instability of PLL loops in multi-phase COT
controlled power converter and a solution to the problem of
complexity of the adaptive PLL design have been fully
described and the efficacy thereof demonstrated above in
regard to a two-phase converter, there are applications for
power converters in which more than two phases are desir-
able (e.g. to allow a smaller duty cycle range required for the
anticipated variation in current draw of a load) in which
interleaving of phases presents additional problems. While
the complexity of a two-phase converter is not particularly
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onerous, the complexity increases dramatically as additional
phases are added. It was demonstrated, above, that, although
a pulse distribution structure using a phase manager pro-
vides substantial simplification in a two-phase converter
implementation, slow transient response, noise sensitivity,
ripple cancellation and limited bandwidth of the output
voltage feedback loop are characteristic problems; some of
which become particularly severe with increased numbers of
phases as alluded to above in connection with FIG. 3B
where four phases present substantial ripple cancellation and
noise susceptibility. Accordingly, a perfecting feature of the
invention provides a strategy in which a phase manager can
be used to reduce complexity while an adaptive PLL avoids
the characteristic problems associated with use of a phase
manager. The concept of this strategy is to combine a phase
manager with adaptive PLLs to construct a variable fre-
quency control and properly choosing the number of phases
and the particular phases which share a phase manager such
that no ripple cancellation points can occur in the range of
duty cycle of interest in the design.

A hybrid interleaving structure for a wide duty cycle
range is schematically illustrated in FIG. 26. For an appli-
cation such as a laptop computer requiring a duty cycle
range of 0.06 to 0.4, as described above, the magnitude of
the ratio of i, to i, of FIG. 3A shows that there is no ripple
cancellation point within such a duty cycle range for a
two-phase converter but one ripple cancellation point for a
four phase converter. Therefore a phase manager type of
pulse distribution structure can be applied for pairs of phases
such that the phase angles between the first and second
phases and the third and fourth phases, respectively, are
shifted by 180°. In such a configuration, two PLLs can be
used where one PLL forces the first phase to follow f_,; by
adjusting the T_,, of the first and second phases together. In
a complementary fashion another PLL forces the third phase
to follow f_,, which is 90° phase shifted from £, and
adjusting T, of the third and fourth phases together. Com-
pared with adaptive PLL arrangements with four phases,
such a hybrid interleaving arrangement is far simpler by
avoidance of a need for two of the current loop comparators
and two adaptive PLLs that would be required in a four-
phase implementation.

The hybrid interleaving structure of FIG. 26 can be further
simplified as shown in FIG. 27 by providing sensed values
of V,, and V- to each of the on-time generators. Providing
common inputs to the on-time generators of each phase
causes f,,, of all phases to be substantially identical. There-
fore, only one (adaptive or otherwise) PLL is needed to
ensure the 90° phase shift between D, and D; which can be
provided by a delay structure sensing T, of the first phase
and generating a delay of T, /4 (e.g. to a PLL which can be
used to correct any error in the phase angle between the two
pulse distribution structures; adjusting the third and fourth
phases together. Compared with FIG. 26, one additional
PLL and one additional clock generator are avoided. How-
ever, the S, of the on time generator in each phase must be
modified to adjust the converter operating frequency. For
that reason, while the additional simplicity and reduced
number of required elements and circuits of the implemen-
tation of FIG. 27 may be preferable in many if not most
applications, if change (e.g. doubling) of switching fre-
quency was contemplated, the implementation of FIG. 26
would be generally preferred since the change of switching
frequency would only require change of frequency of the
two fixed frequency clocks whereas change (e.g. doubling)
of' S, of each phase would be required in the implementation
of FIG. 27.
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It should be appreciated that such hybrid interleaving can
save even more PLLs and related components when the duty
cycle of each phase is reduced. For example, a voltage
regulator for a server requiring D=0.06~0.15 (V=12 V,
Vo=0.5~2.0V) and eight phase operation, the magnitude
ratio of i, to i, (FIG. 3A) shows that there is no ripple
cancellation point within that range of duty cycle, D, in two
to five phases. In FIG. 28, a phase manager is shared by each
group of four phases such that the phase angles of the first
through fourth and fifth through eighth phases are 45°. In
such a case only two PLLs (adaptive or otherwise) where
one fixed clock is followed by the first phase and T, of the
first through fourth phase are adjusted together and the same
arrangement is applied to the fifth through eighth phases
with the fifth phase following the other fixed frequency
clock and T, being adjusted together. Thus, compared with
an eight separate phase implementation, six PLLs and six
current comparators are avoided although a current sensor is
still needed. The further simplification described above in
connection with FIG. 27 can also be applied to the eight
phase implementation of FIG. 28 as illustrated in FIG. 29.

FIG. 30 demonstrates the PFM signals between the two
pulse distribution groups can be overlapped naturally during
a transient response because the two groups are individually
compared with V_. Even though the overlapping is some-
what less in a simulation as compared with an exclusively
PLL embodiment, the transient response is comparable as
illustrated in FIG. 31.

The benefit of hybrid interleaving has been verified by
both simulation and experiment with a four phase buck
converter in which L .=120 nH, I_,=800 KHz and R,,=1.5
m{2 and a state of the art output filter for a CPU without bulk
capacitors. The output filter has a decoupling capacitor bank
outside a CPU socket having eighteen 22 uF capacitors and
a cavity capacitor bank having a capacitance of eighteen 22
WE capacitors. The delay effect of a practical COT control
loop and propagation delay was 50 nS and minimum off-
time was 150 nS based on a commercially available COT
controller. A simulation shown in FIG. 32 demonstrates that
the simulated structure can achieve a high T, design band-
width of 120 KHz over a wide range of duty cycle, D, and
constant output impedance (possible only if phase margin is
sufficient) for adaptive voltage positioning (AVP) with
simple type I (Hv) compensation of H,. Another simulation
condition with D=0.25 (V,=7 V, Vo=1.75 V), step load
change from 1 A to 66 A with a slew rate of 100 A/uS
illustrated in FIG. 33 indicates the duty cycle overlapping of
hybrid interleaving enables more rapid transient response in
the sharper slope of total inductor current in power delivery
to the load.

An experimental platform has been built on a computer
mother board with two phase managers in a COT controller
with one delay circuit and one adaptive PLL on a daughter
board. The measured steady state waveform illustrated in
FIG. 35A demonstrates that the correct interleaving angle is
achieved with stable PFM signals at D=0.25 in four phase
operation. As noted above, this duty cycle in four-phase
operation is a ripple cancellation point which would suffer
severe duty cycle jitter in the absence of the invention but
FIG. 34 demonstrates that hybrid interleaving in accordance
with the invention works well. The experimental transient
condition is V,,=7 V, Vo=1.2 V, and step load changes from
1 A to 51 A. The measured PFM signals in FIG. 35
demonstrates that the duty cycle overlaps between D, and
D; as well as between D, and D,. Therefore, the undershoot
of transient response is reduced to less than 15 mV to meet
the most stringent recent voltage regulator specifications.
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FIGS. 36 and 37 demonstrate the operating principle of
hybrid interleaving for RPM control as discussed above and
hysteresis control, respectively, in four phase operation. in
the hybrid interleaving of RPM control, one PLL adjusts the
ramp slope of the on-time generators, S, and S,, of the first
and second phases to force the phase angles of D, to 0° while
another PLL adjusts the ramp slope of the corresponding
on-time generator, s; and S, of the third and fourth phases to
force the phase angle of D; to 90°. the hybrid interleaving of
hysteresis control adjusts the hysteresis bands (V) of each
of two hysteretic comparators to achieve a 90° delay
between the first and third phases. The block diagrams of
these arrangements are shown in FIGS. 38 and 39, respec-
tively.

In view of the foregoing, it is clearly seen that the
invention provides a solution for multi-phase power con-
verters to the jittering and ripple cancellation issues,
improved transient response, improved stability for high
bandwidth design of the output voltage feedback loop,
extendibility to other variable frequency control techniques
beyond COT, guaranteed stability of PLLs and much sim-
plified and reduced required circuitry.

While the invention has been described in terms of a
single preferred embodiment, those skilled in the art will
recognize that the invention can be practiced with modifi-
cation within the spirit and scope of the appended claims.

The invention claimed is:

1. A multi-phase power converter including

two single phase power converters connected in parallel
between a source of input power and output, wherein
each of said single phase power converters includes

a switch connected in series with an inductor between said
source of input power and said output,

an error amplifier for comparing a voltage at said output
with a reference voltage and providing a control volt-
age,

a comparator for comparing a signal representing ripple of
voltage or current at said output and said control
voltage, and

an on-time generator responsive to an output of said
comparator to determine a duty cycle at which said
switch is conductive,

wherein said multi-phase power converter further
includes

an adaptive phase-locked loop (PLL) arrangement includ-
ing a phase-frequency detector wherein said adaptive
phase-locked loop arrangement maintains a bandwidth
at a point of phase margin such that said phase locked
loop is unconditionally stable over changes in said duty
cycle and provides interleaving of on-time periods and
pulse frequency modulated signal outputs of said two
single phase power converter.

2. The multi-phase power converter as recited in claim 1,
wherein said multi-phase power converter includes four
phases.

3. The multi-phase power converter as recited in claim 1,
wherein said multi-phase power converter includes eight
phases.

4. The multi-phase power converter as recited in claim 1
wherein said duty cycle varies with at least one of voltage of
said source of input power, voltage at said output and a
reference clock frequency of said adaptive PLL arrange-
ment.

5. The multi-phase power converter as recited in claim 4,
wherein said ramp voltage waveform generated by said
ramp signal generator varies said slope of said ramp voltage
waveform inversely with variation of said duty cycle.
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6. The multi-phase power converter as recited in claim 5,
wherein said ramp voltage waveform has a piecewise linear
slope that varies with time.

7. The multi-phase power converter as recited in claim 6,
wherein said piecewise linear slope of said ramp voltage
waveform is developed by a plurality of sequentially
switched current mirrors.

8. The multi-phase power converter as recited in claim 7,
wherein sequential switching of said sequentially switched
current mirrors is responsive to a tapped delay line.

9. The multi-phase power converter as recited in claim 4,
wherein a ratio of an output of said phase frequency detector
and a linear output of said ramp generator is adjusted to
cancel changes in said voltage of said source of input voltage
and said voltage at said output of said multi-phase power
converter and a voltage corresponding to said reference
voltage is adjusted to cancel changes in frequency of said
reference clock.

10. The multi-phase power converter as recited in claim 9,
wherein said voltage corresponding to said reference voltage
is developed by applying a transfer function to said refer-
ence voltage.

11. The multi-phase power converter as recited in claim
10, wherein said transfer function is applied to said reference
voltage using an amplifier having controllable gain.

12. The multi-phase power converter as recited in claim
11 wherein gain of said amplifier having controllable gain is
controlled by a decoder.

13. The multi-phase power converter as recited in claim
12, wherein said decoder decodes a signal representing
frequency, £, of said reference clock and outputs a signal
corresponding to f_,°.

14. The multi-phase power converter as recited in claim 1,
wherein said multi-phase power converter, operating at
steady-state, operates by one of a constant on-time control,
ramp pulse modulation control and hysteresis control mode.

15. The multi-phase power converter as recited in claim 1,
wherein more than two single phase power converters are
connected in parallel, said multi-phase power converter
further including

a phase manager structure for further interleaving on-time

periods of said more than two single phase power
converters.

16. The multi-phase power converter as recited in claim
15, wherein said phase manager interleaves control signals
to on-time generators corresponding to each of a plurality of
said PLL arrangements.

17. The multi-phase power converter as recited in claim
15, wherein said phase manager interleaves control signals
to on time generators corresponding to a PLL and a phase
delay from said PLL.

18. A multi-phase power converter including

two groups of single phase power converters connected in

parallel between a source of input power and output,
wherein each group of said single phase power con-
verters is synchronized with a clock of a different phase
using at least one phase locked loop, wherein each said
single phase power converter includes

a switch connected in series with an inductor between said

source of input power and said output,

an error amplifier for comparing a voltage at said output

with a reference voltage and providing a control volt-
age,

a comparator for comparing a signal representing ripple of

voltage or current at said output and said control
voltage to provide pulses to control said switch, and
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an on-time generator responsive to an output of said
comparator to determine a duty cycle at which said
switch is conductive,

wherein said multi-phase power converter further
includes 5

a pulse distribution structure distributing pulses output by
said comparator to the on-time generator to control
respective switches of each respective said group of
single phase power converters.
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